Introduction
Cooling tower capability has a very important role to play in the efficient operation of a power plant. The ability of the designers to predict the cooling tower performance along with designing an exact condition is highly recognized. The natural draft dry cooling tower (NDDCT) offers a number of inherent advantages, such as low water consumption and reduced risk in water sources pollution specially in arid and semi-arid areas. The disadvantages of the NDDCTs are in their performance high dependency on the environmental conditions especially on warm and windy days. At higher temperatures of 37°C, the NDDCT does not operate well unless the peak coolers are turned on.
Several researchers have conducted studies on dry cooling towers of power plant both experimentally and numerically [1] [2] . As the pioneers in this field, Demuren and Rodi [3] assumed the dry cooling tower as a cylinder, modelled based on the buoyancy effects as an inlet warm airflow. Due to the improper modelling of the buoyant airflow, they could not predict the velocity and temperature profiles correctly. They did not use the Boussinesq approximation in their simulation. Bergstrom et al. [4] presented a two-dimensional code for simulating the interior of the cooling tower. Kappas [5] investigated the flow patterns and the characteristics of the dry cooling tower with different delta angles using a two-dimensional model. This model assumed constant pressure drop. In his later work, Kappas [6] used a three-dimensional heat exchanger model, and simulated a Heller-type NDDCT. He imposed mass flow rate on the heat exchangers, with the knowledge that the natural cooling tower flow rate depends on the environmental conditions and the cooling tower characteristics. Du Prez and Kroger [2] investigated a NDDCT model by applying the crosswind effects, experimentally. They found that when the heat transfer rate is increased, the cooling towers become less sensitive to the wind effect. Du Prez and Kroger [1] simulated a NDDCT by the PHOENICS software under crosswind conditions. They found that applying wind-break walls reduced the wind effects. Al-Waked and Behnia [7] investigated the buoyant airflow through dry cooling towers by FLUENT commercial package as a solver and included the effects of wind. They reported that the wind-breakers contribute to the negative effect reduction of the wind on the tower performance. Some other researchers have presented the similar results [8] [9] [10] [11] [12] [13] .
The NDDCT efficiency is decreased when the ambient temperature is more than 37°C. As the temperature increases, the energy efficiency and output power of steam power plants decrease [14] . In order to increase the cooling tower efficiency in the hottest summer days, was applied water spray at the entrance of the cooling tower to be used for peak shaving.
In this study, a more detailed model is developed for NDDCT with empirical correlations for heat transfer and pressure drop in the radiators which is able to resolve the problems regarding heat and mass transfer and air flow in all regions of the NDDCT subjected to simultaneous water spray and crosswind. For windy and high ambient temperature conditions, simultaneous effects of water spray and crosswind are studied on the NDDCT performance. The overall model predictions are compared with experimental data and the analytical results.
The geometry of a typical Heller-type NDDCT is illustrated in fig. 1 . The cooling tower dimensions are 150 m × 118 m ×60 m (height×base diameter×top diameter), while height of radiators which are located around the base of the cooling tower is about 20m. Sketch of the cooling tower including the radiators (deltas) and water spray system is shown in fig. 1 . In each delta, water is sprayed in four different elevations. 
The Governing equations
The governing equations are three-dimensional and incompressible steady state flow that includes continuity, momentum and energy along with two transport equations for turbulence modelling. An alternative approach to estimate the drift deposition is to predict both the flow field and the droplet drift patterns close to the cooling tower entrance. The air and water spray flows in the cooling tower are modelled by applying a two-phase simulation: the gas continuous phase and the discrete water droplets. The air flow is solved as a continuous phase using the Eulerian approach whereas droplet trajectories are solved as a dispersed phase using the Lagrangian approach. The continuity equation for mass conservation in Cartesian coordinates for steady state flow can be given as:
where, mass source term, due to the evaporation of droplets, S m ,is given by:
where ∆m p is the particle mass change in each volume differential d∀ in a time step, 0 , P m & is the initial mass flow rate of the injected tracked particle and m p,0 is the initial mass of the particle. For more details, refer to Kaiser et al. [10] .
The equation for conservation of momentum can be written as:
where τ eff is the stress tensor which can be calculated using the following equation:
The source term due to the pressure drop in the louvers and radiators, P F r is explained in next section. D F r is the source term of resistance against the air flow due to the sprayed water droplets [15] [16] [17] .
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The equation for conservation of momentum in Cartesian coordinates can be written as:
where q r is the heat transfer source term in the radiators deduced by ε-NTU method [18] [19] [20] . Heat and mass transfer rate of a solid sphere like small water droplets is calculated by Merkel's model by balancing convective heat transfer and the droplets' evaporation rate, q v . For more details, refer to Refs. [17, 21] .
Water droplets are assumed perfectly spherical. The source terms are the air resistance, gravity and the buoyancy forces. By balancing these forces, acceleration, velocity and displacement of droplets are obtained. The motion equations of the water droplets can be presented by:
where t F r is the thermophoretic force due to the heat gradient and r p is the droplet trajectory (see Refs. [15] [16] [17] . The droplet trajectory is determined by advancing the droplet location over small discrete time intervals with the step-wise integration in each coordinate direction of eq. (7).
Here, the standard k-ε turbulence model is used for the simulations of turbulent flow. The transport equations for the turbulence kinetic energy, k and the dissipation rate, ε ,are given by:
. ( (9) [ ] (10) where P k is the kinetic energy produced due to turbulence, G b is the turbulence generation due to buoyancy effect and µ t is the turbulent eddy-viscosity coefficient. These parameters can be determined by:
The constants of the turbulence model are as follows: 
The radiator modelling
When ambient temperature is high, the water spray system begins to spray from around the cooling tower between louvers and radiators (see fig. 1 ). For heat transfer calculation in the Hellertype heat exchanger (radiator), the ε-NTU method is applied [18] [19] [20] . The details of computing the heat transfer coefficients, fin efficiency and sedimentation resistance are given in Refs. [18] [19] [20] .
Pressure drop in the air side of the radiators depends on: air flow rate, physical properties of air, angle between air velocity and the radiators and etc. The air pressure drop passing through deltas, ∆P radiator and air pressure drop in the louvers, ∆P louvers due to friction of air that passes through the cooling tower skin, ∆P skin , are given in eqs. (13) to (15), respectively (see Refs. [19, 20] ).
Numerical simulation
The NDDCT numerical procedure is categorized into two sections: the one-dimensional heat exchanger simulation and the numerical solving of the three-dimensional flow inside and around the cooling tower. The numerical modelling of the radiators has many limitations associated with grid resolution; this is due to the small scale of radiators with respect to the scale of cooling tower, selecting a turbulence model and assigning the boundary conditions. Thus, we use the ε-NTU method for computation of the heat transfer in the radiators, coupled with the numerical solution of natural convective turbulent flow through the tower. This heat transfer should be added to the energy equation as a source term (q r in eq. 6). The total pressures drop of the fluid through the cooling tower, including pressure drop in the louvers and radiators (eqs. 13 and 14) are modelled by the means of putting source term in the momentum equation (i.e. F p in eq. 3). Thus, by ε-NTU method and total pressure drop, we may get heat transfer coefficient, h and pressure drop coefficient, K:
where V a is the normal component of air velocity through the radiator face, T air is the air temperature before entering the radiator and T rad is the temperature of radiator that is equal to the average of the outlet and inlet water flow temperatures. The pressure drop and the heat transfer coefficients may be well correlated with the air velocity based on the given cooling tower type, obtained from eqs. (16) and (17) . The heat transfer and pressure drop coefficients for selected radiator are shown in fig. 2 . The conservation equations of momentum, energy and species equations and the phase of water flow droplet are solved by applying the commercial FLUENT software, and by applying a simple computer program for determining the heat transfer and pressure drop in the radiators.
Analytical solution without crosswind
In order to validate the numerical simulation in NDDCT, an analytical scheme for tower under no-crosswind conditions is developed with water spray effect. The flow in the tower should be assumed to be one-dimensional. The water spray is assumed to be completely evaporated by an increase in the humidity of the air before entering the cooling tower. The air passing through these small droplets is cooled off and then enters radiators that lead to a decrease in outlet water temperature. Based on the given water spray flow rate, the wet and dry bulb temperatures of the inlet air of radiators is computed using thermodynamic relations of air-vapor mixture. Therefore, the air/water flow in the tower is modelled using one phase. Then, the outlet air temperature of the radiator is guessed and the air velocity through the radiator is estimated. The heat transfer, the pressure drop and the outlet air temperature of the radiator are calculated by applying ε-NTU method. Then, the air velocity through the radiator is calculated by eqs. (13), (14) and (16) . This process is repeated until the converged solution is obtained, i.e., the difference of computed temperatures becomes negligible (for more details see Ref. [20] ).
Results and discussion
Natural draft dry cooling towers of a power plant that is located in a dry and hot region is simulated numerically (see fig. 1 ). Heller-type heat exchanger (radiator) of this cooling tower has 119 deltas with 238 radiator columns and 440 tubes with two passes in six rows. The heat is released at the water-side and absorbed at the air side of the heat exchangers. The water temperature at the radiator entry, T w,in is given, therefore the water temperature at the radiator exit, T w,out, can be calculated by the following equation:
Here the effect of the sprayed water evaporation rate, outlet water temperature on water spray rate, droplets diameter, spray configuration, ambient temperature, wind velocity, and the distance between the sprayers and the radiators are considered.
The computational domain, the boundary conditions and the grid system are illustrated in fig. 3 . Only half of the flow field was simulated because of the symmetry in geometry, flow and thermal conditions. Two blocks of grids in the interior and exterior of the tower are adopted in the computation. 
To obtain a grid-independence solution, grid studies are conducted and three different grid resolutions are used, which enables grid studies to be performed and compared. The first case has the coarsest resolution, the second case has a medium resolution and the last one has the finest grid. As an acceptance criterion, wind speed on the vertical velocity in the centerline of the tower was chosen for the above-mentioned different cases (see fig. 4 ). Here, no deviation is observed in two last ones that gave grid-independent solutions. Knowing the droplets diameter is important. Droplet diameters depend on water flow rate, water temperature, the nozzle diameter and water pressure. If water droplets hit the radiator, they may deposit on radiator surface. The smaller diameter results in higher evaporation rate, thus, the droplets diameter should be determined in such a way that: 1) The total spray water is evaporated, 2) The water droplets are evaporated before they hit the deltas, so that sedimentation is prevented. The radiators are simulated in one-dimensional. Therefore, the interaction between radiator walls and water droplets are not modeled here. The difference between the outlet and the inlet water temperatures in the radiator is shown in fig. 5 for different sizes of water droplets and various rates of water spray. Increasing of the water spray rate, lead to an increase in the difference between the inlet and the outlet water temperatures and consequently an increase in the dissipated heat from the radiators. At the water spray rate of 84 kg/s and droplet diameters of 0.1, 1 and 10 [µm], the difference between the inlet and the outlet water temperatures of cooling tower is increased approximately 37.2% in comparison with no water spray use condition. However, this ratio was 12.1% for droplets with diameters of 100 [µm] in the same rate of water spray. Besides, big water droplets hit the radiator and as a result, they may deposit on the surface of the radiator. Since the small droplets experience rapid evaporation, for drops to be prevented to hit on the radiator and to be produced by many commercial sprayers the diameter of 10 [µm] has been selected for this study. In these conditions, most droplets are evaporated before impinge on the radiators. The radiators are simulated in one-dimensional. Therefore, the interaction between radiator walls and water droplets are not modeled. 
Comparison of numerical simulation and the analytical scheme
In the analytical scheme, water spray effect is simulated by increasing the air humidity before entering the cooling tower. The air that passes through these small droplets is cooled off and then it enters the radiators causing a reduction in outlet water temperature. With increase of the air relative humidity or water spraying rate, the air temperature is decreased and so does the temperature of the outlet water from the tower.
The difference between the inlet and outlet water temperatures from the radiator that was obtained from analytical and the numerical solutions is shown in fig. 6 . Here, the ambient temperature and relative humidity are 37°C and 20%, respectively. As it can be seen, at low water spray rates, the difference between the analytical and numerical results is greater; this is due to the fact that in the analytical method there is assumed to be a homogeneously water spray system. By increasing the water spray rate, the differences between the analytical and numerical methods coinciding at 100 kg/s water flow rate become zero as shown in fig. 6 . Numerical solution of turbulent and two-phase flow in the cooling tower is more time-consuming and difficult to achieve compared to the analytical solution. The results obtained for both cases are very similar with minor differences. 
Validation of numerical results with no water spray and no crosswind
In order to verify the creditability of numerical results for no water spray and no crosswind, this study compares simulation with the model experiment and the available field tests [2] . The ratio of predicted heat rejected from the radiators, q rad to heat rejected in design conditions, q design is presented in fig. 7 , and is defined as:
The results show a linear correlation between the ambient temperature and the heat transfer from the heat exchangers with maximum 11% error (see fig. 7 ). Some discrepancies in the results may be due to applying some simplifications in the modelling of the radiators. 
Comparison of the numerical results under crosswind and no water spray conditions
In order to verify the creditability of the numerical simulation for windy and no water spray conditions, this study compares the numerical simulation with the experimental data [2] . The streamlines and velocity vectors on the symmetric plane inside the NDDCT under 15 m/s crosswind velocity are shown in fig. 8 . It is clear that there is a "wind-cover" over the tower. The ingoing air flux through the radiator increases in the side facing the wind and decreases in the side surface of the tower; the air discharge at the tower top decreases as well. The crosswind causes the outflow to incline to the downstream. The existence of crosswind causes a reduction in the total heat exchange rate in the windward and leeward of the tower. This is mainly attributed to the airflow around the cooling towers, destroying the radial flow of the surrounding cold air into tower and thus reducing the heat transfer efficiency of the cooling tower. At a relatively low crosswind speed, the air momentum is not too high, and suction effect over the radiators prevents the air separation phenomena inside the tower. fig. 9 . In high wind speeds, a symmetric pair of vortexes may be generated behind the tower due to considerable difference between flow conditions in front and the back of the cooling tower. As illustrated in fig. 9 , the outer flow of the tower seems to be like a flow around a circular cylinder. On the side of the tower and outside the radiator, the air tangential velocity is low, so that the flux of air entering into the tower through the radiator is reduced greatly and the air and water temperatures in this part of the radiators are increased. As a result, warm air flows from inside of the tower to the outside and the overall performance of the tower decreases accordingly. Referring to fig. 9 , three different zones are detectable near the heat exchangers which are under different crosswind conditions: θ = 0°-60° at front heat exchangers; θ = 60°-120° at side heat exchangers; and θ = 120°-180° at back radiators. The effect of crosswind speed on cooling tower heat transfer is given in table 1. With an increase in the wind speed, the symmetric airflow around the tower is disturbed while the pressure drop increases accordingly. Although a low speed wind may slightly increase the tower performance, as a rule, increment of the wind speed reduces the tower efficiency. Existence of an optimum wind speed may be explained by looking at the pressure distribution around the tower. At a relatively low speed, the pressure distribution is not disturbed considerably and the crosswind leads to more airflow over the radiators accordingly. In order to investigate the effect of crosswind on the NDDCT, the cooling tower efficiency is defined as:
wind no windEfficiency = (21) where q wind and q no wind are both the radiator heat transfer rates under crosswind and no wind, respectively. The numerical results are compared with the experimental data of du Preez and Kroger [2] in fig. 10 . Here, the trend is well predicted by the present numerical modelling and the error in the results is caused by minor difference in the details of the model due to simplifications of model. However, the overall trends are the same, especially the ones regarding the optimum wind velocity, which maximize the cooling tower performance. Influence of the water spraying on the cooling tower performance
The effect of ambient temperature on the cooling tower efficiency for no crosswind condition is studied in this research when water is sprayed at the cooling tower entrance. The mean evaporation rates of water spray and the outlet and inlet water temperature differences of the cooling tower radiators at both 27°C and 37°C of the ambient temperatures are shown in figs. 11 and 12, respectively. The water evaporation rate at both 27°C and 37°C ambient temperatures is increased when water is sprayed. Water spray system is more effective at 37°C ambient temperature. As can be seen in fig. 11 , when water-spraying rate is increased, the difference between the evaporation rates of water spraying on the radiator in both 27°C and 37°C ambient temperatures is increased. This difference is 23% at 150 kg/s water spray rate. When the ambient temperature is high, the tower performance is decreased. Here, by spraying water on the radiators and decrease the dry bulb temperature of the inlet air that increases the heat transfer rate in the radiator; therefore, the inlet and outlet water temperature difference in the radiator cooling tower is increased (see fig. 12 ). 
Simultaneous effects of crosswind and water spray on the cooling tower performance
By investigating the simultaneous crosswind and water spray effect on the NDDCT, the tower performance variation parameter, TP is defined. This is the rejected heat variation from the radiators under the crosswind and water spraying to the no crosswind and no water spraying conditions as: The tower performance variation parameter at various wind velocities for no water spray and water spray flow rates of 25 and 50 kg/s is shown in fig. 13 . It is observed that the 3m/s wind velocity causes a higher efficiency in the cooling system and as was shown, when the wind velocity is lower than 3 m/s, the difference between the inlet and the outlet water temperature from the tower is increased by the wind speed. However, this water temperature decreases when the wind velocity is higher than 3 m/s. For no water spraying and wind velocity of 10 m/s, the heat transfer rate of radiator is 11.5% lower than no wind condition. This value is 7.5% for water spraying rate at 50 kg/s; therefore, water spraying reduces the inefficiency of the crosswind. Here, the portable wind-break walls application is recommended in order to reduce the wind effect when wind velocity exceeds 3 m/s.
It is deduced from fig. 13 that at 10 m/s wind velocity, the cooling tower efficiency is increased by 30% when 50 kg/s water is sprayed on the cooling tower entrance. In this case, the outlet water temperature of the radiators is decreased about 3.5°C compared to no water spray condition. The tower performance variation parameter at various water-spraying rates is shown in fig. 14 for no wind condition and crosswind velocity of 10 m/s. The difference between these wind velocities is 10.5% and 15% for 0 and 100 kg/s water spraying rates, respectively. Therefore, water spray at the entrance of the NDDCT can increase the performance of the cooling tower in both the no wind and windy conditions. 
Conclusions
This study investigates the airflow and thermal performance of a natural draft dry cooling tower with and without crosswind. In order to increase the cooling tower efficiency in the hot and dry climate, water spraying at the entrance of the cooling tower is applied. The air that passes through small water drops is cooled and enters the radiators. For windy conditions, simultaneous effect of water spray and cross wind on the performance of natural draft dry cooling tower is studied.
The two-phase flow of the heat and mass transfer inside a NDDCT under crosswind conditions has been simulated here. A comparison has been made between one-dimensional analytical model and three-dimensional CFD model for a NDDCT under no wind conditions and when water is sprayed at the cooling entrance. The difference between the predictions of tower cooling range is 8.5% at no water spray condition and it is reduced to zero for high water spray rate. This difference is mostly due to the correlations of the transfer coefficient in the radiators.
Crosswind can significantly reduce the cooling tower efficiency. The numerical simulation of the three-dimensional fluid flow under crosswind and no water spray is compared with the expected values in the experimental data. The maximum difference between the experimental data and the numerical solution is about 11% in strong wind speed conditions. The results show a significant effect of crosswinds on the NDDCT performance. Under high wind speed conditions, the wind acts as a shield over the tower entrance which leads to reduction of heat transfer through the heat exchangers. The cooling tower efficiency is decreased up to 18% under the influence of crosswind velocity at 12m/s.
In order to investigate the effect of simultaneous effects of crosswind and water spraying, the variation of heat rejected from the radiators under crosswind and water spraying system on the no crosswind and no water spraying condition are computed. For a given value of water spray rate, at velocities higher than 3 m/s, the crosswind has been found to enhance the thermal performance of the NDDCT; and at velocities lower than 3 m/s, however, crosswinds degrade the NDDCT efficiency. The results show that water spraying reduces the crosswind inefficiency. When wind velocity is increased from zero to 10 m/s, the cooling tower efficiency is decreased about 11.5% and 7.5% for no water spraying and 50 kg/s water spraying rate, respectively.
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